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TBP is not universally required for zygotic RNA polymerase II
transcription in zebrafish
Ferenc Mu¨ller†§, Lo`ra`nt Lakatos*§, Jean-Christophe Dantonel*‡,
Uwe Stra¨hle† and La`szlo` Tora*
General transcription factors TFIIA, B, D, E, F, H, and during which the zygotic genome is transcriptionally si-
lent. TATA binding protein (TBP), a key player in initia-RNA polymerase II (Pol II) are required for accurate
initiation of Pol II transcription. The TATA binding tion of transcription by Pol II, is a component of several
class II transcription factors, i.e., different TFIID com-protein (TBP), a subunit of TFIID, is responsible for
recognition of the TATA box, a core element shared plexes [3] and the recently identified TAC complex [4].
From experiments in Xenopus embryos, it has been sug-by a category of class II promoters [1]. Recently,
novel TBP-like factors (TLFs) have been described gested that either the translation of TBP and/or its ability
to interact with promoter sequences due to a closed chro-in metazoan organisms [2]. In spite of the
numerous in vitro studies describing the general role matin configuration may be critical parameters that control
the onset of zygotic transcription at midblastula transitionof TBP in RNA polymerase II (Pol lI) transcription
initiation, the precise function of TBP and the newly (MBT) [5–7].
described TLF is poorly understood in vivo. We
inhibited TBP and TLF function in zebrafish embryos The genomes of several metazoan species contain a gene
to study the role of these factors during zygotic that encodes, in addition to TBP, a related factor called
transcription. A dominant-negative variant of TLF TBP-like factor (TLF) or TRF-2 (reviewed in [2]). While
mRNA and a TBP morpholino antisense oligo was the structural organization of TLFs is very similar to that
used to block either TLF or TBP function. Both TBP- of TBPs [2], the structural model predicts important dif-
or TLF-blocked embryos developed normally until ferences between the backbone of the DNA binding sur-
the midblastula stage; however, they then failed to face of TBPs and vertebrate TLFs, but also between
gastrulate. Several zygotic regulatory genes were nematode TLFs and that of vertebrate TLFs [2]. The
downregulated by a block in either TBP or TLF differences in the predicted structures among TBP-type
function, while others were differentially affected. factors (including TBPs and TLFs) indicate potentially
These results suggest that TBP is not universally distinct functions for the vertebrate TLF homologs. TBP
required for Pol II transcription in vertebrates and has been assumed to play a predominant function in tran-
that there is a differential requirement for TBP and scription initiation of class II genes, and thus questions
TLF during early embryogenesis. have arisen regarding the function of TLFs. The suppres-
sion of Caenorhabditis elegans (ce) TLF by RNA interfer-Address: *Department of Transcriptional and Posttranscriptional
ence (or RNAi) showed that ceTLF is required for correctControl of Gene Regulation and †Department of Developmental
Biology, Institut de Ge´ne´tique et de Biologie Mole´culaire et Cellulaire, zygotic transcription during early embryogenesis [8, 9].
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Injection of synthetic mRNA corresponding to wild-type
TLF into early cleavage stage zebrafish embryos resultedReceived: 27 November 2000
Revised: 21 December 2000 in no or weak malformations in 6 hr old early gastrula
Accepted: 12 January 2001 stage embryos. Embryos were slightly retarded in the
progression of epiboly, the cell movement by which thePublished: 20 February 2001
cells of the blastoderm envelope the yolk cell [11] (Figure
1a,b and Table 1). Thus, overexpressed vertebrate TLFCurrent Biology 2001, 11:282–287
may act as a repressor to prevent zygotic transcription in
0960-9822/01/$ – see front matter very early embryos, similar to what has been observed
Ó 2001 Elsevier Science Ltd. All rights reserved.
with ceTLF [8]. In contrast, a strong phenotype was ob-
tained when TLFmutB RNA was injected at the same
Results and discussion concentration as wild-type TLF (200 ng/ml); 100% of the
embryos failed to initiate epiboly or arrested before domeThe early embryonic development of many invertebrate
and vertebrate species is characterized by an initial period stage [11] (Figure 1c, Table 1). TLFmutB was still very
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Figure 1
Inhibition of TLF by expression of a dominant
negative mutant (TLFmutB) interferes with
epiboly and transcription in the zebrafish
embryo. (a–d) Expression of TLFmutB
results in severe inhibition of the epibolic
spread of the blastoderm over the yolk cell.
(a) Noninjected control at 50% epiboly stage.
Expression of wild-type TLF (b) did not cause
significant inhibition of epiboly.(c) Expression
of the dominant negative TLFmutB had
similar blocking effect on epiboly as injection
of embryos with a-amanitin (d). (e,f) Zygotic
expression of green fluorescent protein (gfp)
from the reporter construct CMV::gfp is injection with a-amanitin (i). (j–l) The correct embryo (k), or a-amanitin-injected embryo (l)
inhibited by coinjection of dominant-negative phosphorylation of the CTD of Pol II on serine at 50% epiboly stage using the H5 antibody.
TLFmutB (f) but not by wild-type TLF (e). 2 is impaired in TLFmutB-injected embryos. All embryos are shown at 50% epiboly stage
(g–i): Expression of notail (dark ring in [g]) is Immunohistochemical staining of in lateral views, animal pole up (a–d), or in
inhibited by expression of TLFmutB (h) or noninjected embryo (j), TLFmutB-injected dorsal views of the animal pole (e–l).
potent in blocking epiboly when injected at a 10-fold green fluorescent protein (gfp) is inhibited by coinjected
TLFmutB (Figure 1e,f). Moreover, expression of endoge-lower concentration (20 ng/ml; Table 1). Interestingly,
the majority of TLFmutB-expressing embryos arrested nous notail transcription, which is characterized by a ring-
like expression pattern at early gastrula stage embryosdevelopment at a similar stage to embryos that were in-
jected with a-amanitin, an inhibitor of Pol II transcription (Figure 1g), was abolished in both TLFmutB- and
a-amanitin-injected embryos (Figure 1h,i and Table 1).(Figure 1, compare [c] and [d]) [12, 13]. This finding
suggests that expression of TLFmutB results in inhibi- Importantly, the TLFmutB phenotype was rescued by
coinjection of wild-type TLF mRNA into the embryos.tion of Pol II transcription in the embryos and that the
phenotype is the result of a failure to initiate efficient Coinjected embryos progressed through epiboly (data not
shown) and also reexpressed notail (ntl) mRNA (Tablezygotic transcription. In agreement with this hypothesis,
cytomegalovirus (CMV) promoter–driven expression of 1), indicating that the effects seen with TLFmutB were
specific. These results show that TLFmutB acts as a
dominant-negative inhibitor of TLF function, and sug-
Table 1 gest an important role for a TLF-like activity in early
zygotic transcription.Injection of mRNA encoding variants of TLF causes retardation or
complete block of epiboly and loss of ntl expression in zebrafish
embryos.
The seemingly broad inhibition of Pol II transcription by
Retardation of epiboly (% embryos) TLFmutB in the early embryo (see also Figure 3) was
Injected material Wild type Weak Strong Embryos (n) surprising in view of the previously assumed important
role of TBP in these process. To examine the role of TBP- 98 2 0 82
TLF (200 ng/ml) 19 70 11 61 during early embryonic development, a recently de-
TLFmutB (200 ng/ml) 0 0 100 70 scribed antisense morpholino oligonucleotide (MO) tech-
TLFmutB (20 ng/ml) 13 22 65 88
nique [14] was used to specifically eliminate zTBP expres-a-amanitin (200 ng/ml) 2 0 98 43
sion. TBP-antisense MO (TBP-MO)-injected embryos,
Expression of notail (% embryos)
even when injected only at very low concentration (0.3
Injected material Wild type Partial Lost Embryos (n) mM), severely impaired epiboly, while embryos injected
Uninjected 100 0 0 51 with 5 mM control MO oligos continued to develop with-
TLFmutB (100 ng/ml) 6 34 60 35 out any defects in gastrulation (Figures 2a–d). Epibolic
TLFmutB (100 ng/ml) 1 32 58 10 36 movements were completely blocked by injection of 5TLF (100 ng/ml)
mM TBP-MO, resulting in developmental arrest similarTLF (100 ng/ml) 74 26 0 31
a-amanitin (200 ng/ml) 0 0 100 40 to that caused by TLFmutB or a2amanitin (compare
Figure 2d to Figure 1c,d). The efficiency of inhibition ofStrong retardation represents embryos showing a dome stage phenotype
or complete loss of epiboly. Weak retardation represents embryos reach- TBP mRNA translation by the MO antisense oligonucleo-
ing up to 30%–40% epiboly. ntl expression in injected embryos was tide was analyzed by Western blot analysis exploiting the
scored for loss or reduction of expression as compared to noninjected cross-reactivity of the 3G3 monoclonal antibody (mAb)embryos at 6 hr gastrulation stage. Partial: embryos showing an asymmet-
directed against human TBP [15]. In protein extracts pre-rical expression pattern around the margin distinctive of partial loss of
ntl expression. Lost: embryos with complete loss of ntl expression. pared from TBP-MO-injected embryos at 6 hr, early gas-
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Figure 2
Inhibition of TBP expression by antisense
morpholino oligonucleotides (MOs) impairs
epiboly and blocks correct phosphorylation of
the CTD of Pol II. (a–d) A TBP-MO
overlaping the first AUG codon of zTBP mRNA
blocks epiboly in a dose-dependent manner.
In contrast to embryos injected with control
MOs (a), increasing doses of TBP-MO (0.3
mM, 1 mM, 5 mM in [b–d], respectively) inhibit
epiboly. Embryos are oriented with the animal
pole up. (e) TBP expression in extracts from
MO-injected embryos. Injection of the TBP-
MO but not of the control MO (c-MO)
completely eliminated zebrafish TBP (zTBP)
expression at 50% epiboly stage. Furthermore,
expression of human TBP (hTBP) from a
coinjected plasmid (CMV:hTBP) was clearly
detectable at 75% epiboly in the embryos;
however, the endogenous TBP expression at
this stage is significantly lower than at 6 hr
gastrula stage. As a loading control (Pol II), an
antibody raised against the CTD of Pol II was
used (10% SDS-PAGE). (f–h)
Phosphorylation of the CTD of Pol II on serine
2 is abolished in TBP-MO-injected zebrafish
embryos. Immunohistochemical staining of
control-MO injected embryo (f) and zTBP-MO
injected embryo (g) at 50% epiboly stage stage embryos using the H5 or the 7G5 mAbs. large subunit of Pol II are labeled (8%
using the H5 antibody. (h) Western blot The hyperphosphorylated (Pol IIO) and the SDS PAGE). ns: non-specific loading
analysis of protein extracts from 50% epiboly hypophosphorylated (Pol IIA) forms of the control.
trula stage (60% epiboly) zTBP was not detected on the TBP is not universally required for all zygotic Pol II tran-
scription in the zebrafish embryo.immunoblot, whereas in noninjected and control MO-
injected embryos, zTBP protein levels were clearly de-
tectable (Figure 2e; data not shown). Interestingly, the
The similarity in the phenotypes caused by eithersevere phenotype of the TBP-MO-injected embryos was
blockage of TBP expression or TLF activity suggests thatpartially rescued by the coinjection of purified recombi-
zygotic transcription and progression of development intonant human TBP protein (Table 2). Importantly, how-
gastrulation requires both proteins. One explanation forever, the ntl expression blocked by TLFmutB RNA injec-
these findings is that both factors act on the same genes.tion was not affected in the TBP-MO-injected embryos
To investigate this possibility, the expression from sevenat 6 hr early gastrula stage (Figure 3e,f), further demon-
endogenous early patterning genes, initially expressed atstrating the specificity of the methods used. These data
late blastula (4.5 hr; ntl, forkhead4 [fkd4], spadetail [spt],suggest that despite the dramatic phenotype observed,
goosecoid [gsc]) or early gastrula (5.5 hr; even-skipped1 [eve1],
sonic hedgehog [shh], T-box6 [tbx6]) was compared in em-
Table 2 bryos in which TLF or TBP was blocked (Figure 3).
TLFmutB abolished expression of six of the seven genesInjection of morpholino antisense oligonucleotides (MO) de-
completely. Curiously, eve1, which encodes a transcrip-signed against TBP results in the block of epiboly movements
in zebrafish embryos. tional repressor [16], lost its specific pattern of expression
in the germ ring and instead became expressed ubiqui-
Retardation of epiboly (% embryos) tously in TLFmutB-injected embryos. Lack of TBP
Injected material Wild type Weak Strong Embryos (n) caused a different pattern of effects. While expression of
eve1, shh, spt, tbx6, and gsc were abolished, expression ofUninjected 100 0 0 65
control MO (5 mM) 98 2 0 56 ntl and fkd4 were not affected or were only weakly affected
TBP-MNO (0.3 mM) 4 86 10 45 by injection of zTBP-MO. Although we may not look at
TBP-MO (1 mM) 10 33 57 67 direct effects of TBP or TLF on the genes investigatedTBP-MO (5 mM) 2 0 98 50
here, nevertheless, we did not find a direct correlationTBP-MO (1 mM) 1 hTBP 26 59 15 210
Control MO (5 mM) 1 hTBP 100 0 0 65 between the timing of the onset of gene activity and
effects of blocking TBP-type factors. However, our resultsCategories of the degree of retardation in epiboly were scored as in
Table 1. show that TBP and TLF can have distinct functions in
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Figure 3 the zebrafish embryo. Interestingly, expression of certain
genes depends on both activities either directly or indi-
rectly.
The absence of TLF in C. elegans embryos prevented the
correct soma-specific phosphorylation of the C-terminal
domain (CTD) of the large subunit of Pol II and resulted
in a delay in the onset of transcription [8, 9]. To analyze
the phosphorylation state of Pol II in zebrafish embryos,
we have carried out immunohistochemical staining and
Western blot analysis. Monoclonal antibodies H5, which
recognizes the phosphoserine in position 2 on the CTD
[17], and 7G5, which recognizes both the hyper- and hypo-
phosphorylated forms of Pol II [18], were used. In control
embryos at 50% epiboly stage H5 mAb immunoreactivity
was detected in a restricted number of scattered cells
(Figure 1j and Figure 2f). Compared to the control em-
bryos, TLFmutB-injected embryos showed a significantly
rearranged spatial distribution of H5 staining (Figure 1k),
while block of Pol II transcription by a-amanitin abolished
H5 staining (Figure 1l). Moreover, TBP-MO injection
resulted in a loss of H5 immunoreactivity (Figure 2g).
Western blot analysis using the H5 mAb confirmed the
immunohistochemical H5 staining, and using the 7G5
mAbs showed that, potentially, other phosphorylated
forms of the CTD of Pol II are also missing from TBP-
MO-injected embryos (Figure 2h). Thus, blocking TBP
or TLF function may differentially influence CTD phos-
phorylation and, consequently, transcription.
Conclusions
Taken together, our results suggest that TBP is required
for epiboly but not universally for early zygotic transcrip-
tion of specific genes in zebrafish. Furthermore, TBP and
TLF can have distinct functions as exemplified by the
differential effects on eve1, fkd4, and ntl expression. Thus,
TBP and possibly also TLF regulate subsets of Pol II
genes specifically. However, both proteins appear to beTLF and TBP differentially regulate early zygotic transcription. Embryos
required for the transcriptional activation of the zygoticwere injected with either the dominant-negative TLFmutB or with
the antisense TBP-MO. Embryos were split when controls had reached genome at MBT and for the subsequent epibolic move-
the 40%–50% epiboly stage and subjected to in situ hybridization ments. In the case of the early zygotic genes spt and
with evenskipped (eve1) (a–c), notail (ntl) (d–f), forkhead4 (fkh4)
gsc, both TBP- and TLF-like function are required for(g–i), sonic hedgehog (shh) (j–l), spadetail (spt) (m–o), t-box6
expression. It is feasible that TBP and TLF act directly(tbx6) (p–r), and goosecoid (gsc) (s–u) probes. Expression was
abolished by inhibition of either TLF or TBP in case of shh (87.5%, together in the control of transcription initiation of these
n 5 23; 95.0%, n 5 20, respectively), spt (88.9%, n 5 18; 95.2%, n 5 genes. As transcription initiation and reinitiation differ
21), tbx6 (85.0%, n 5 20; 100.0%, n 5 22), and gsc (90.0%, n 5
mechanistically, TLF might function to organize embry-20; 100.0%, n 5 17). In contrast, ntl and fkh4 were downregulated
onically transcribed genes into an active state that is thenonly by inhibition of TLF ([e,h] 94.3%, n 5 35, and 87.9%, n 5 33,
respectively) while blocking of TBP had no or little effect on these further transcribed by TBP. This hypothesis is in good
genes (ntl, 0.0%, n 5 42; fkd4, 23.8%, n 5 21). Expression of eve1 agreement with the C. elegans tlf-1(RNAi) results, sug-
was abolished by inhibition of TBP ([c] 100.0%, n 5 18); however,
gesting that the earliest stages of embryogenesis may criti-TLF-blocked embryos showed no effect or an expansion of eve1 mRNA
cally depend on TLF activity [8, 9]. It is conceivable thatexpression into the animal pole area ([b] 72.8% normal or ectopic
expression, n 5 22). View onto animal pole with dorsal up. TLF has a higher affinity or accessibility for promoters
than TBP before the MBT, because the state of the nuclei
and that of the chromatin structure seems to be inhibitory
for TBP function prior to MBT [6, 19]. Our observations
together suggest that Pol II transcription does not univer-
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